Introduction
Surfactants are a class of compounds having a diverse and significant role in various segments of the market including petroleum industry, soaps and detergent industry, environmental pollution abatement, and even in the food and beverage industry (Cameotra et al. 2010) . Chemically they are amphipathic molecules that lower the surface tension at oil-water interface thereby increasing the solubility of water-immiscible substances. It is primarily because of their diverse and extensive application that there is a growing concern over their environmental impacts and difficulty in being degraded easily in the environment. This necessitated the discovery of an equally efficient but environmentally friendly alternative to synthetic surfactants. This class of new age surfactants derived from micro-organisms, referred to as 'biosurfactants', are equally diverse in terms of structure and function and are gaining more attention because of their biodegradability and eco-friendly attributes (Shekhar et al. 2015) . Diverse micro-organisms are known to produce a number of surface-active agents primarily in order to adapt and grow on a variety of substrates among other natural functions (Banat et al. 2010) . These biosurfactants are produced under various growth and environmental conditions and are reported to be mainly involved in increasing the solubility and availability of various waterimmiscible substrates (Chrzanowski et al. 2012) . Members of Pseudomonas, Bacillus, Rhodococcus and Candida genera are the most widely implicated in the production of different types of biosurfactants (Oliveira et al. 2015; Shekhar et al. 2015; Luna et al. 2016; Varjani and Upasani 2017) . Biosurfactants exhibit several advantages over their chemical counterparts in terms of lower toxicity, greater biodegradability and specificity, their ability to function in wide and extreme conditions, and also their biocompatibility and digestibility which make them excellent candidates for use in agriculture (Sachdev and Cameotra 2013) , food industry (Nitschke and Silva 2018) , soil and water remediation (Ashraf et al. 2017; Mahanti et al. 2017; Mulligan 2017) , microbial enhanced oil recovery (Geetha et al. 2018) , biomedical science (Singh and Cameotra 2004a; Saha et al. 2018) , nanotechnology (Singh et al. 2017 ) and other varied fields including usage in detergent and cleaning solutions (Kourmentza et al. 2017) . Hence, there is an increasing awareness of the use of microbially derived surfactants as an alternative to chemical surfactants for their use in various industries. Although the humongous usage created a huge market worldwide for these compounds, the actual production is limited by many factors, the high cost of production being prominent.
Global biosurfactant market
Surfactants have a huge demand worldwide. The global market for surfactant was estimated to be USD 30Á64 Billion in 2016 and was predicted to grow to USD 39Á86 Billion by 2021 (Markets and Markets 2016). With more stringent regulations on greener processes and catering to the huge demand, biosurfactants form a major share of the surfactant market. The global biosurfactant market in 2013 was 3 44 068Á40 tons and is expected to reach 4 61 991Á67 tons by 2020, growing at a CAGR of 4Á3% from 2014 to 2020 (Grand View Research 2015) . Biosurfactant market revenue generation was over $1Á8 Billion in 2016 and is expected to reach USD 2Á6 Billion by 2023 (540 kilo tons by 2024) with the rhamnolipid market set to witness a gain of over 8% (Global Markets Insights 2018) . Another market research projected the global biosurfactant market at over 5Á52 billion by 2022, at a CAGR of 5Á6% from 2017 to 2022 (Markets and Markets 2017). Europe is emerging and is expected to continue to grow as the biggest market (around 53%) followed by the United States mainly due to stricter regulatory guidelines in the region. However, increasing awareness and infrastructure in Asian countries is making them a rising consumer of biosurfactants. From among biosurfactants, sophorolipids (SLs) were found to have the largest global market share with the detergent industry leading the product application sector. BASF Cognis (Germany) and Ecover (Belgium) have emerged as the two top surfactant manufacturers to venture into the biosurfactant market. Other producers in the market are MG Intobio, Urumqui Unite, Saraya, Sun Products Corporation, Akzo Nobel, Croda International PLC, Evonik Industries (Germany), Mitsubishi Chemical Corporation and Jeneil Biosurfactant (Research and Markets 2017; Global Market Insights 2018) . However, in spite of the huge market demand, production of a biosurfactant is not as competitive as its synthetic counterparts. Synthetic surfactants are priced around $2 kg À1 in the market (Santos et al. 2016a) .
Hence, economizing the biosurfactant production process assumes significance in order to sustain the market for these compounds in the current environmentally fragile scenario and long-term sustainable development. This review discusses most important and recent strategic approaches for enhanced biosurfactant production along with process economization. It primarily incorporates following two critical aspects of a bioprocess: media optimization and process moderation. Other pertinent, economical and upcoming strategies for process economization are addressed and highlighted. Special emphasis has been given to the three most promising microbial species implicated in biosurfactant production: Pseudomonas, Bacillus and Candida.
Cheap and 'Green' substrates
Over the past decade, a number of cheap waste materials have been explored as substrates for biosurfactant production, thus bringing forth an effective cost-cutting strategy coupled with the much-needed waste management (Banat et al. 2014; Satpute et al. 2017) . Immense scope was found for a variety of renewable and cheap industrial wastes to be used for biosurfactant production. Prominent among these are food and agroindustry-based residues. The most recent and prominent low-cost materials exploited as a substrate for biosurfactant production have been summarized in Table 1 . Use of industrial waste for valuable compound production assumes importance in recent times not only in economizing any commercial production process but also in establishing a sustainable effort for effective management of the unprecedented waste generated (Patil and Rao 2015) . However, the argument is not limited to just the cost of the raw materials but the availability, stability and variability of each component are also critical factors to be considered. Moreover, the amount to be used, form (solid or liquid), particle size, texture, packaging, transportation, storage, stability and purity, all play a critical role in final selection and formulation of any substrate for biosurfactant production.
Media formulation for biosurfactant production
Since cell-based bioprocesses involve a number of interrelated parameters, monitoring each parameter separately becomes tedious and time and cost consuming. To handle multiple data at the same time Response Surface Methodology (RSM) and statistical methods like Taguchi and Plackett-Burman Design, have been frequently used for media optimization to optimize biosurfactant production processes (Eswari et al. 2016; Hassan et al. 2016; Santos et al. 2016b) . Apart from statistical methods, Artificial Intelligence (AI)-based technique like Artificial Neural Intelligence coupled with Genetic Algorithm (ANN-GA) is another approach that has been tried out for media optimization (Sivapathasekaran and Sen 2013; Ahmad et al. 2016) . Many studies have been undertaken in the last decade for media optimization especially for most prominent biosurfactant producers-Pseudomonas, Bacillus and Candida species. Type and amount of carbon and nitrogen sources in the media along with type and ratio of metal cations have been most extensively studied and found to be most critical for biosurfactant production in both shake flasks and large-scale fermenters. Table 2 gives an overview of a few of the prominent carbon sources which gave the highest reported biosurfactant yield when cultures were grown in shake flask and large-scale fermenter vessels. Vegetable oil, as well as hydrocarbon-based substrates, can be classified as the most economical and profitable substrates for large-scale biosurfactant production especially for Pseudomonas, Bacillus and Candida sp. (Sivapathasekaran and Sen 2017) . In a study on calculating the cost of isolated biosurfactant using waste substrate, Pseudomonas cepacia was reported to produce 40Á5 g l À1 glycolipid in a 50-l fermenter with the product cost estimated to be around 20 $ kg À1 (Soares et al. 2018) . Further cost reduction by use of other strategies mentioned later could lead to cost being closer to the lucrative 2 $ kg À1 as reported earlier for commercial surfactants. Another aspect of economic importance is the effect of metal cations on product yield. Table 3 gives recent and critical metal cation-based studies for optimum biosurfactant production by Bacillus, Pseudomonas and yeast species. An abundance of carbon source, a limiting nitrogen condition and the ratio of C : N around 20 have been found to be most favourable for biosurfactant production, especially for biosurfactant production by members of Pseudomonas sp. (Hassan et al. 2016) . Low magnesium concentration and an optimum iron (Fe) concentration favoured rhamnolipid production. In one of the recent reports, RSM was used to optimize media for rhamnolipid production using Pseudomonas aeruginosa strain and blackstrap molasses as the carbon source (Raza et al. 2016) . The factors monitored were total sugar (TS), carbon : nitrogen (C : N) ratio and duration of incubation (time). In RSM, the relationship between the desired response and independent input variables was represented as follows:
The rhamnolipid yield was found to be affected by all the factors and observed to be maximum at TS 2%, C : N = 20 and T = 5 days. Use of organosulphur compounds in production medium has shown promising results for enhancing rhamnolipid production. A sulphur-utilizing strain of P. aeruginosa was found to reduce surface tension more efficiently in the presence of 4,6-dibenzothiophene (DBT). Additionally, rhamnolipid congeners produced varied according to the sulphur compound chosen. Sulphur, thus, was found to play a major role in the number and types of rhamnolipid congeners formed (Ismail et al. 2015) . Strains like this would have the added potential to be used in a coproduction set up wherein biosurfactant production is coupled with another bioprocess desulphurization in case of this strain, thereby reducing the overall process economics. Lipopeptide production was found to be growth associated as well and hence a rich mineral salts medium with nonlimiting carbon and nitrogen Radzuan et al. (2017) source, near neutral pH and availability of critical metal cations has been found to be most favourable for production of lipopeptides (Biniarz et al. 2017) . Bioavailability of Fe and manganese (Mn) salts in the media has been found to be critical in enhancing the production of lipoprotein type of biosurfactants. A recent work on fortifying agricultural feedstock with crude glycerol and Mn yielded an enhanced growth and 793 mg l À1 of crude lipopeptide (Cruz et al. 2017) .
Mn was speculated to increase the usage of ammonium nitrate by the microbial culture thereby increasing the availability of free amino acids for surfactin synthesis. Several reports indicate the chelating nature of lipopeptides, thus depleting the metal source available for growth in the medium. Hence, intermittent Fe and Mn feeding have been found to give enhanced growth. However, a combination of several factors play a prominent role in the quality and quantity of biosurfactant production and all the combinations need to be worked out together in formulating the optimum media. Concurrently, it becomes imperative to look for aspects which have not been much explored for enhanced biosurfactant production.
Promising strategies
Summing up all the developments in the past decades in globalizing and economizing widespread and sustained production and applications of biosurfactants, various recent, promising prospects and strategies are highlighted here. These strategies would be over and above the most critical media optimization aspect for economic biosurfactant production, yet could be key determinants in the future for the establishment of biosurfactants as economical commercial compounds.
Solid-state fermentation process: an upcoming approach for biosurfactant production Solid-state fermentation is emerging as a promising strategy for biosurfactant production especially for overcoming the problem of foam production encountered in the more widely followed submerged fermentations (SmF) (Das and Mukherjee 2007; Camilios-Neto et al. 2011) . A medium based on okara with the addition of sugarcane bagasse as a bulking agent was employed in SSF set up for the production of surfactin by Bacillus pumilus UFPEDA 448. Under optimized conditions, 809 mg l
À1
of surfactin was produced upon cultivation in column bioreactors with forced aeration which was at competitive levels to those reported in the literature for production by SmF. Extraction of surfactin was simple with the whole content being mixed in water and filtered to get a cell-free preparation from which the biosurfactant was precipitated out and then extracted using chloroform : methanol (4 : 1 v/v) mixture (Slivinski et al. 2012) . However, heat production in the system needs to be critically monitored as a variation in temperature would vary the surfactin homologues formed. In a work on the use of agroindustrial by-product for bioprocess, SSF of soybean flour and rice straw as substrate were studied for the production of an antibacterial lipopeptide by Bacillus amyloliquefaciens XZ-173. Using 5Á58 g of soybean flour and 3Á67 g of rice straw, 50Á01 mg g À1 dry substrate of lipopeptide was produced within 2 days of fermentation by a simple downstream process (Zhu et al. 2012) . In another work on lipopeptide production by solid-state fermentation, B. subtilis SPB1was grown on a mixture of olive leaf residue flour and olive cake flour. A total of 30Á67 mg of lipopeptide per gram of solid substrate was produced signifying the feasibility in the use of solid-state fermentation for lipopeptide production, thus saving on operational costs associated with SmF (Zouari et al. 2014) . In a comparative study on the production of biosurfactant by a fungus, Pleurotus ostreatus, in SmF and SSF, with and without shaking, sunflower seed shell was used for SSF while sunflower oil was incorporated in the media for SmF. Although good emulsification index was observed in SmF, SSF without shaking emerged as the best and competitive option for the cultivation of the biosurfactant-producing organism owing to the low cost of the process set up. The biosurfactant produced was found to be a carbohydrate-peptide-lipid complex (Velioglu and Urek 2015) . SSF hence holds much promise for economizing biosurfactant production but much optimization needs to be done to make this approach feasible and market friendly. Not much work has been done on analysing the competitiveness of these fermentation processes for the production of glycolipids. In a recent study, Mahua oil cake was used as a substrate for the production of biosurfactant by Serratia rubidaea SNAU02. Rhamnolipid-type biosurfactant with good antifungal activity was found to be produced by the organism under SSF in media optimized using RSM (Nalini and Parthasarathi 2014) . Although work has been done on low-cost production of rhamnolipids, much needs to be done with respect to rhamnolipid production using SSF especially using agroindustrial by-products such as coconut waste, sesame waste, soybean waste among others, as substrates. Current biosurfactant production, however, is mostly limited to batch or fed-batch production processes due to limitations on sustained nutrient feeding strategy, biomass growth and heat and mass transfer reactions which limit the process efficiency (Winterburn and Martin 2012) . Hence, more research is needed to devise an integrated bioprocess for continuous biosurfactant production and recovery using low-cost waste biomass in SSF setup.
Specific yield enhancement by media modulations
As discussed earlier, media constituents play a vital role in the type and quantity of the biosurfactant produced. Use of a carrier in the growth medium proved to be a novel approach for enhanced biosurfactant production but not much work has been done to fully exploit this strategy. The addition of activated charcoal in the fermentation medium increased surfactin yield approximately 36 times as compared to a medium without solid support giving a biosurfactant yield of 3Á6 g l À1 (Yeh et al. 2005) .
Enhancement in the growth of the producing organism was stipulated to be due to the presence of activated carbon barriers which partly were being used for biofilmassociated growth of cells. Use of growth enhancers like Journal of Applied Microbiology 126, 2--13 © 2018 The Society for Applied Microbiology lactones is another promising strategy for enhanced yield. The addition of endogenous homoserine lactones and recycling of 20% of the spent medium was found to stimulate the rhamnolipid production under fed-batch conditions. Lactones served as an inducer for rhamnolipid production and almost 100% increase in rhamnolipid production was observed when spent medium was recycled in the reactor (Santos et al. 2016c ). This assumes importance as lactonic SLs have been reported to have better surface tension lowering activity (Van Bogaert et al. 2007 ). Thus, it seems promising to use lactones for enhanced biosurfactant production, especially for glycolipids. Lactones can also lead to the production of derivatized or a specific biosurfactant congener, more suitable for a particular application, thus making the overall process more profitable. Effect of lactones in production media of other biosurfactant types, however, needs to be further explored. Use of a specific producer strain could also lead to either production of a specific product or a derivatized/crystallized product which would make recovery easier and economical. A notable development in this is the specific production of SLs from Starmerella bombicola which are produced mostly as a mixture of 23 homologues containing acidic and lactonic SLs. Acidic SLs find major application in wound healing while lactonic SLs are mostly used as an anticancer agent and as an antimicrobial agent for application in cosmetic industry. Exclusive synthesis of lactonic or acidic SLs was successfully done by engineering an S. bomicola strain which generated less foam as well as yielded a selective 100% lactone product (Roelants et al. 2016) . Use of nanoparticles (NP) is another upcoming approach for enhanced biosurfactant production. Biosurfactant production has been confirmed to be significantly affected by many metal salts especially Fe. Hence, an upcoming potential strategy for enhanced biosurfactant production is the use of low concentrations of Fe-NPs. An increase of around 80% biosurfactant production by Nocardiopsis MSA13A was observed in the presence of 10 mg l À1 Fe-NP as compared to the control (Kiran et al. 2014b ). This is critical considering the phenomenon of Fe limitation during biosurfactant production. In another study, low Fe-NP concentration (1 mg l À1 ) was found to increase the production of biosurfactant by 63% as compared to the control in fermentation by Serratia species. However, the growth of the producing organism was inhibited at higher concentrations of Fe-NP confirming the requirement for limiting Fe ions in the media for optimum glycolipid biosurfactant production (Liu et al. 2013) .
In a recent study, 1 mg l À1 of Fe-silica NP (Fe-Si-NP) at 6 h addition time was found to increase rhamnolipid production by P. aeruginosa strain by 57% as compared to a medium free of NPs (Sahebnazar et al. 2018 ). This increase was attributed to an increase in growth and subsequent cell lysis at higher NP concentrations thus releasing the biosurfactant in the culture medium and increasing the yield. Another aspect, partly related to the downstream process, which could contribute to production economics is the aesthetic value of the recovered product, especially if the product is intended for food or medical applications. Some substrates used in the media for biosurfactant production have been known to give a coloured biosurfactant with currently available downstream processes which might make them aesthetically unacceptable. Distillery wastewater is one such substrate. Adsorption-desorption process using wood-based activated carbon was tested when distillery wastewater was used as a substrate for biosurfactant production by Pseudomonas strain. Not only was the biosurfactant free of any colour, a fivefold higher biosurfactant was recovered from collapsed foam than from fermented distilled wastewater (Dubey et al. 2005) . Standardization of such studies on media composition could open a whole new approach for biosurfactant production enhancement as well as a low production cost.
Biosurfactant coproduction for process economization
Coproduction of biosurfactants with another economically important product in a single bioprocess would lead to the entire production set up being highly economical. One such compound used extensively in various industries, is the enzyme lipase. Feasibility and importance of SSF and submerged-state fermentation for the production of industrially important enzymes including lipases is well documented (Ramos-S anchez et al. 2015; Colla et al. 2016) . The need for micro-organisms to utilize waterimmiscible substrates prompts them to synthesize biosurfactants along with lipases. Keeping this in mind, specific bioprocesses prompting coproduction of lipase and biosurfactants in micro-organisms could prove to be economically profitable. In a significant study, correlation and importance of production of lipase and biosurfactants by Aspergillus sp. through two bioprocesses: SSF using soybean meal and rice husk and SmF using 10% wheat bran among other media constituents were studied. Production of lipases was high under solid-state fermentation conditions which, however, did not prove to be conducive for biosurfactant production. However, production of both lipase and biosurfactant in significant amounts was observed in submerged-state fermentation conditions upon analysis of lipolytic activity and emulsifying activity of cell-free culture broth (Colla et al. 2010) . In another report, coproduction of pectinase and biosurfactant was observed in a B. subtilis strain isolated from a fruit dump yard (Kavuthodi et al. 2015) . More work needs to be undertaken to enhance economic feasibility addressing the downstream process employed for recovery and separation of the specific compound individually.
Apart from enzymes, biosurfactant commercial production can be integrated with another bioprocess utilizing similar substrates. A biosurfactant producing genetically engineered desulphurization strain of P. aeruginosa was found to have reduced energy requirements as compared to the native desulphurization strain (Raheb and Hajipour 2011) . In a reactor set up by Amin et al., biosurfactant production was coupled with biodesulphurization of DBT. The whole set up comprised of two vertical rotating immobilized cell reactors, one with Bacillus sp. BDCC-TUSA-3 (for surfactin production) and the other with R. erythropolis (for desulphurization) with polyurethane foams as an attachment support. Each set up individually standardized and optimized for the respective process. A part of the effluent from Bacillus sp. reactor was fed into Rhodoccocus bioreactor. Surfactin was produced at a rate of 0Á720 g l À1 h À1 along with a decrease in sulphur content from 398 ppm to less than 5 ppm (Amin et al. 2013) . This process could prove to be an effective technology for efficient removal of sulphur from sulphur-containing fossil fuels coupled with biosurfactant production. Studies on the environmental compatibility and scaling up of such integrated bioprocesses will be highly desirable to cut down on the production cost, energy and time consumed, of both the industrially important compounds/process.
Immobilization as a tool for growth enhancement
A major hindrance in continuous culturing and downstream processing of biosurfactants is the washout of cells from the reactor as well as the effect of changing reactor conditions and unwanted metabolites on cell growth apart from the foam-inducing property of free cells. An alternative to using foam-inducing cells for the production process is to explore the option of immobilized cells. This is especially advantageous in the case of bioprocess using resting microbial cells, as growth and product formation stages would be separate making the product separation easier along with maintaining the continuity of the bioprocess. Alginate immobilized cells of Pseudomonas fluorescens were used for rhamnolipid production. Although pH of the media varied considerably in the presence of immobilized cells as compared to free cells, the rhamnolipid produced had good and stable emulsifying activity and fewer by-products interfered with biosurfactant production. Also, immobilized organisms were easy to separate from the broth during downstream processing (Abouseoud et al. 2008) . In another work, cells of B. subtilis immobilized onto Fe-enriched light polymer particle, were found to produce 2Á09-4Á3 times more biosurfactant than planktonic cells in a batch reaction process. A threephase inverse fluidized bed biofilm reactor with cells of B. subtilis immobilized on Fe-polypropylene foam particles was used for the study. At the same time, direct addition of Fe-polypropylene pellets in culture medium selectively enhanced the production of fengycin as compared to surfactin. An immobilized cell carrier system together with varying Fe concentrations hence provide an interesting tool for steering the biosurfactant production process towards a selective biosurfactant yield (Gancel et al. 2009 ). In a similar but modified strategy, P. aeruginosa cells immobilized on Ca-alginate beads were used for rhamnolipid production. Use of a high-density magnetic gradient facilitated its retention from the foam and flushing back into the reactor during foam fractionation and recovery. This facilitated a continuous rhamnolipid production in a 10-l bioreactor yielding a final RL amount of 70 g after four production cycles (Heyd et al. 2011) . The efficacy of this process was also tested by immobilization of P. nitroreducens using Ca-alginate beads under resting cell conditions. Palm oil and diesel were used as carbon sources and 5Á1 g l À1 rhamnolipid yield was obtained (Onwosi and Odibo 2013) . Combinations of novel immobilization techniques and reactor conditions hence offer greener pastures of research.
Other strategies which could hold strategic importance in studying and enhancing the large-scale yield of biosurfactants are the use of microbioreactors for optimization studies, in situ product removal by automated surface enrichment, employment of novel oxygenation process and use of novel techniques like pertraction, etc. (Chtioui et al. 2010) . Biosurfactants have a variety of applications, each differing in the associated purity required as well as a specific structure of the compound used. Hence, utilization of crude product without any costly purification processes would contribute immensely to lowering the overall production cost. This would especially be extremely profitable in case of applications like MEOR, bioremediation, wastewater treatment, metal bioremediation, etc. where application of crude product would be equally effective (Singh and Cameotra 2004b) . Table 4 summarizes a few of the upcoming and promising strategies for economizing biosurfactant production. These aspects need to be researched in more detail in order for newer biosurfactant enhancement processes to be marked successful.
Conclusion and future research directions
Despite an enormous amount of research work in the last two decades on economizing the production of biosurfactants, their commercial success as compared to their synthetic counterparts still remains an economic challenge.
Positive effects of Fe and Mn and use of Fe-NPs and Fe-enriched immobilizing carrier look promising for economizing lipopeptide production. On the other hand, limiting Fe availability, optimized C: N ratio and use of growth enhancers like lactones could be key media optimization strategies not only for enhanced rhamnolipid and SL yield but also for modulating the specificity of glycolipid congeners formed. Use of immobilized organism, use of NPs, solid-state fermentation, directed fermentation, foam fractionation, and fill and draw mode of operation could prove to be other promising processes for the enhanced industrial production of various biosurfactants. Use of unprocessed, fortified waste substrates and biosurfactant coproduction with another industrially economical product needs to be more critically studied especially in large fermentation vessels. These strategies could prove to be most economical in terms of lowering the production cost for biosurfactants. A more serious deployment of these features is, therefore, an important step towards enhancing productivity, economizing the production process, and establishing an economically competitive and successful biosurfactant market as well as addressing the solid waste disposal issue by efficient conversion of low-cost solid industrial and agricultural waste into revenue generating value-added products.
